Fluorescence-activated cell sorting (FACS) provides a rapid means of isolating large numbers of fl uorescently tagged cells from a heterogeneous mixture of cells. Collections of transgenic plants with cell type-speci fi c expression of fl uorescent marker genes such as green fl uorescent protein ( GFP ) are ideally suited for FACS-assisted studies of individual cell types. Here we describe the use of Arabidopsis and rice enhancer trap lines with tissue-speci fi c GFP expression patterns in the root to isolate speci fi c cell types of root tissues using FACS. Additionally, protocols are provided to impose a ramped salinity stress for 48 h prior to cell sorting.
Introduction
to examine developmental and spatiotemporal gene expression as well as cell type-speci fi c responses to abiotic stresses and nitrogen uptake in the Arabidopsis root (2) (3) (4) . FACS has also been utilized to collect numerically small cell types such as the root quiescent center and sperm cells for transcriptomic analyses ( 5, 6 ) . Additionally, FACS of nuclei with nuclear-targeted GFP has been employed as an alternative means of harvesting genetic material from speci fi c cell types of Arabidopsis ( 7 ) . These studies demonstrate that FACS is an ef fi cient means of isolating and analyzing a variety of GFP-labeled Arabidopsis cell types and provides an alternative to manual isolation techniques such as laser-capture microdissection.
While methods for FACS of Arabidopsis protoplasts are well established ( 8, 9 ) , the use of FACS to examine cell type-speci fi c gene expression in the model monocotyledonous species rice ( Oryza sativa ) has not been reported. Here, we demonstrate the use of GAL4 enhancer trap lines of rice and Arabidopsis to isolate speci fi c cell types of the root from both species under control and saline conditions. We describe a supported hydroponics setup for Arabidopsis and rice that allows for growth of large numbers of plants under control and saline conditions, followed by highthroughput protoplasting from root tissues of both species. The FACS procedure to collect fl uorescent protoplasts is also described in detail. The enhancer trap lines utilized in these experiments originate from large GAL4 collections of Arabidopsis ( 10 ) and rice ( 11 ) that display a wide variety of highly speci fi c patterns of GFP expression in root tissues and other organs (Fig. 1 ) . In addition to their use as GFP marker lines, the Arabidopsis and rice GAL4 collections have been used in cell type-speci fi c overexpression studies to increase sodium exclusion and salinity tolerance in both model species ( 12, 13 ) . The following methods show that it is possible to collect speci fi c cell types of rice and Arabidopsis after exposure to salinity stress through use of FACS. While this protocol is geared towards transcriptomic analyses of the harvested cells, the protocol can be easily adapted for metabolic analyses of the cells through use of a suitable collection buffer. 
Materials

GAL4-GFP Enhancer Trap Lines
1. Phytatray (Sigma).
2. 1 mL tip rack (96 tips per rack) cut to fi t inside of the Phytatray (95 × 80 mm). Nitex 03-100/47 mesh (Sefar) cut to fi t on top of the tip rack. Use 4 × 1 mL wide-bore tips (cut-off 1 mL tips) to support the tip rack within the Phytatray. Autoclave tip rack and Nitex mesh prior to assembly within the Phytatray. ) and 10 h dark at 18°C. ) and 12 h dark at 25°C. 
Arabidopsis Supported Hydroponics
Rice Supported Hydroponics
1. Water bath at 60°C.
2. Clinical centrifuge.
3. Vacuum chamber.
4. BD FACSAria cell sorter or equivalent.
RNeasy plant mini kit (Qiagen)
6. 40 μ m cell strainer (BD falcon).
7. 50 mL centrifuge tubes. All work should be carried out under sterile conditions. Perform each procedure as early as possible in the morning.
1. Weigh 40 mg of Arabidopsis seed (approximately 2,000 seed) into a 2 mL tube (40 mg is suf fi cient for two Phytatrays, scale up as required; also see Note 3 ).
2. Add 1.5 mL of 100% ethanol and mix for 1 min. Pipette off the ethanol.
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Germination, Growth, and Application of Salinity Stress 3. Add 1.5 mL of 100% bleach solution and mix on an orbital shaker for 5 min. Pipette off the bleach.
4. Rinse multiple times with sterile water until clean. Pipette off fi nal rinse.
5. Add 1.5 mL of 0.1% agarose solution and mix well by pipetting up and down. Store in the dark for 3 days at 4°C to ensure uniform germination.
6. Place a sterile tip rack covered with Nitex mesh into two Phytatrays; add 240 mL of sterile Arabidopsis growth solution (Fig. 2a ) . The growth solution should just touch the base of the Nitex mesh. This procedure has been modi fi ed from the original publication ( 7 ) to increase protoplast yield.
1. On the morning of day 7, prepare 10 mL of the Arabidopsis protoplasting solution and pour into a 50 mL fl ask (10 mL is suf fi cient for digestion of roots harvested from two Phytratrays, scale up as required).
2. Open Phytatrays and peel the Nitex mesh from the tip rack support, turning over to expose the roots. Quickly harvest the roots by running a surgical blade across the mesh. The roots should collect as a clump at the tip of the blade.
3. Tap the roots into 10 mL of Arabidopsis protoplasting solution and incubate for 1-2 h at 26°C on a benchtop orbital shaker set at 100 rpm.
4. Filter the solution two times through a 40 μ m cell strainer fi tted on top of a 50 mL centrifuge tube to remove debris.
Arabidopsis Protoplasting Protocol
5. Centrifuge the fi ltrate for 5 min at 500 × g in a clinical centrifuge. Pour off most of the solution and resuspend the protoplast pellet in a remaining 1-2 mL of protoplasting solution ( see Note 5 ).
Proceed with FACS as soon as possible ( see Note 6 ).
All work until day 5 should be carried out under sterile conditions. Perform each procedure as early as possible in the morning.
1. Place approximately 75 dehusked rice seed into a 50 mL centrifuge tube (75 seedlings are suf fi cient to fi ll one mesh basket, scale up as required).
2. Add 40 mL of 70% ethanol and mix for 1 min. Pour off the ethanol.
3. Add 40 mL 30% bleach solution and mix on a benchtop orbital shaker set at 100 rpm for 30 min. Pour off the bleach. 4. Rinse multiple times with sterile water until clean, allowing the seed to remain in the fi nal rinse for 20 min on the shaker. Pour off the fi nal rinse.
5. Place sterile fi lter papers into the 95 × 95-mm petri dishes and place ten sterilized seed per dish. Add 20 mL of autoclaved rice growth solution to each dish and seal with para fi lm.
6. Leave petri dishes for 4 days in the growth cabinet.
7. On the morning of day 5, place up to 75 rice seedlings into an Elfa ® mesh basket supported within a plastic container holding 10 L of 25 mM NaCl growth solution (or standard growth solution for controls). The solution should just cover the base of the mesh basket (Fig. 2b ) . Place the container into the growth cabinet for 24 h.
8. On the morning of day 6, replace the solution with 10 L of 50 mM NaCl growth solution (or standard growth solution for controls). Return the container to the growth cabinet for 24 h.
1. On the morning of day 7, prepare 30 mL of the rice protoplasting solution into a 100 mL fl ask (30 mL is suf fi cient for digestion of roots harvested from one mesh basket, scale up as required).
2. Manually remove groups of rice plants from the mesh basket and use a razor blade to separate the roots from the shoot and seed (groups of 15-20 plants can be handled easily). Chop the roots on the lid of petri dish and scrape the root tissue into a few milliliter of rice protoplasting solution to keep the root tissue moist.
3. Once all of the roots have been harvested, use the razor blade to gently mince the root tissue for 30 s and then transfer the tissue to 30 mL of rice protoplasting solution.
4. Apply a vacuum for 7 min at 25 Hg to facilitate in fi ltration of the enzymes. Stop the pump and let the chamber come back to normal pressure.
5.
Incubate for approximately 2 h at 26°C on a benchtop orbital shaker set at 100 rpm. Protoplasting should be monitored under the light microscope every 30 min until protoplasts are seen to be releasing from the root tissue ( Fig. 3 ; also see Note 7 ).
6. Filter the solution two times through a 40 μ m cell strainer fi tted on top of a 50 mL centrifuge tube to remove debris.
7. Centrifuge the fi ltrate for 5 min at 500 × g in a clinical centrifuge. Pour off most of the solution and resuspend the protoplast pellet in a remaining 1-2 mL of protoplasting solution ( see Note 5 ).
8. Proceed with FACS as soon as possible ( see Note 6 ).
Rice Protoplasting Protocol
The sorting ability of the FACS instrument is based on its capacity to excite and detect speci fi c fl uorescence wavelengths emitted by cells in suspension. Cell populations emitting relatively more fl uorescence at a speci fi c wavelength (i.e., GFP fl uorescence; 488 nm excitation and 530/30 nm emission) can be isolated and collected. However, the auto fl uorescent properties of protoplast suspension interfere with a distinction of GFP-positive cells based on emission at 530/30 nm alone. Auto fl uorescent emission at 610/20 nm and a 488 nm excitation is therefore taken as a compensational measure of auto fl uorescence allowing for the identi fi cation of sorting events with GFP-speci fi c fl uorescence.
1. Load the protoplast solution into the FACS. The loading tube should be under constant agitation to maintain a homogenous solution.
2. Run protoplasts through the FACS using a 70-μ m (or 100 μ m) nozzle (PBS buffer for sheath fl uid) at event rates up to 20,000 events/s and a system pressure up to 70 psi (events/s and system pressure will depend on the nozzle utilized). Laser excite the cells at 488 nm and set a green channel to measure GFP emission at 530/30 nm and a red channel to measure auto fl uorescence at 610/20 nm. Use a scatter plot with red emission intensity (auto fl uorescence) vs. green emission intensity (GFP fl uorescence) (Fig. 4a, c ) . Fig. 3 . Rice protoplasts being released from the cut edge of a root, indicating that the digestion reaction has proceeded suf fi ciently to begin fi ltration and centrifugation to collect the protoplasts for FACS.
FACS Collection of GFP-Expressing Protoplasts
3. A non-fl uorescent control protoplast solution (protoplasts prepared from wild-type plants not expressing GFP) should initially be run to determine gate settings for capture of GFP fl uorescent protoplasts (Fig. 4a, c ) .
4. When sorting protoplasts from the enhancer trap lines, a clear tail of protoplasts exhibiting proportionally high green fl uorescence should be visible ( Fig. 4b, d ; also see Note 8 ) .
Make sure the gate is well positioned to collect GFP positive protoplasts while avoiding as many false positives as possible.
(In this study, BDFACSDiva software version 6.1.3 was used with the BD FACSAria cell sorter set to sort precision mode "Purity" to ensure a stringent sorting of GFP protoplasts.) Sort into a desired collection buffer (for our purposes, we used RNA extraction buffer).
5. The number of cells to collect by FACS is dependent on the type of study and RNA extraction kit used. For rice transcriptomic studies using microarrays, we sorted between 3,000 and 17,000 GFP positive cells into RLT buffer from the RNeasy Plant Micro Kit ( see Note 9 ). Maintain a ratio of 100 μ L cell suspension to 350 μ L RLT buffer to ensure ef fi cient RNA extraction (refer to manufacturer's instructions). For RT-PCR studies, more cells may be needed.
1. Use ultrapure water for all rinses and to prepare solutions (2 MΩ at room temperature). Store solutions at room temperature unless speci fi ed otherwise.
2. The addition of CaCl 2 to the 25 and 50 mM NaCl growth solutions ensures that Ca activity remains constant upon addition of salt, so that any measured effects of salinity are due to the addition of NaCl and not NaCl-induced decreases in Ca activity of the external solution ( 14 ) .
3. If more Arabidopsis protoplasts are required, it is recommended to increase the number of Phytatrays. Overloading Phytatrays with more than 1,000 seed leads to poor plant growth and greater contamination rates.
Work in sterile conditions when changing hydroponics
Arabidopsis solutions to avoid problems with bacterial contamination. The rice-supported hydroponics setup does not need to be kept sterile.
5. A cell pellet may not always be visible after centrifugation and resuspension. It is recommended to observe a drop of the resuspended pellet under the microscope to check protoplast density and condition before proceeding with FACS.
6. Minimize holding times of the protoplasts to avoid transcriptional changes related to the protoplasting procedure itself. If necessary, protoplasts can be kept for approximately 60 min at 15-20°C prior to beginning of FACS.
7. We suggest monitoring digesting rice roots under the microscope to better assess how enzymatic digestion is proceeding. Digestion time can be reduced if protoplasts are visible.
8. The absence of GFP positive protoplasts as a GFP tail on the sorting scatter plot may be due to poor ef fi ciency of protoplasting.
